vated teeth after pulp exposure (Byers and 'bylor, 1993) is reported, indicating participation of sensory fibers in the inflammatory defense reactions. Furthermore, CGRP and SP have a chemotactic effect on neutrophils and T-lymphocytes (Foster et al., 1992; Wiedermann et al., 1989; Roch-Arveiller et al., 1986; Marasco et al., 1981) and stimulate macrophage cytokine production (Lott et al., 1988) . Intra-articular infusion of SP exacerbates adjuvant-induced arthritis in rats (Levine et al., 1984) . whereas neonatal capsaicin treatment prevents extravasation and accumulation of immune cells in ligature-induced periodontitis in rats ( Gyorfi et al., 1994) .
A possible dfect of neuropeptides on the immune system has also emerged from recent findings of functional receptors for neuropeptides on immune cells (Abello et al., 1991; McGillis et al., 1991; Umeda and Arisawa, 1989; Hartung et al., 1986; Payan et al., 1986) .
Evidence for involvement of the sensory nerves and neuropeptides in inflammation is therdore becoming more compelling. The aim of this experiment was to study a possible interaction between sensory nerve fibers and immunocompetent cells during experimental inflammation in teeth. Recently, we have shown that inferior alveolar nerve (IAN) axotomy causes an almost complete loss of sensory neuropeptides in the coronal pulp over a 6-day period, whereas no measurable changes in immunocompetent cell num- Robinson et al., 1986 1981 1979 Gazelius et al., 1987 Gazelius et al., 1987 Polak and Bloom, 1984 Thompson et al. 1983 Calbiochem; San Diego, CA 1: 10,000 Basement membranes Hagg et al., 1989 bet can be demonstrated (Fristad et al., in press) . Consequently, this experimental model was found suitable to study the effect of sensory denervation on the recruitment of immunocompetent ceIIs in the pulp tissue subjacent to dentinal Cavities in the first molar of young rats. To show the distribution of blood vessels, antibody to laminin was used (Hagg et al., 1989) . 
Materials and Methods

Animals
Experimental Procedure
The animals were anesthetized with 0.07 ml Hypnorm-Dormicum (1 ml fentanyllfluanison diluted in 1 ml sterile water mixed with 1 ml midazolam diluted in 1 ml sterile water). Unilateral axotomy of the right IAN was performed as previously described (Fristad et al., in press) ; the left jaw served as an unoperated control. The IAN was cut by an extraoral approach. After a superficial incision and blunt dissection of the masseter muscle, the thin bone overlying the mandibular foramen was removed with an excavator (Ash 243; Lustra, Gloucester, UK). A curved probe was then used to elevate the nerve, and 2 mm was cut off with iris scissors. The external incision was carefully sutured (Tdex 510). The recovery of the rats was uneventful. Two days after IAN axotomy, 15 animals were reanesthetized with Hypnorm-Dormicum, and cavities were prepared bilaterally on the anterior side of the first molars using a round diamond bur (801 204 008; Meisinger, Diisseldorf, Germany), corresponding in diameter to the dentin-enamel thickness, under a stereo microscope (Nikon). The cavities were either shallow in the outer half of the dentin (n = 6) or deep dentinal lesions (n = 9) in the inner half of dentin, including small pulp exposures. The cavities were acid-etched for 10 sec, washed with saline, and left open for 4 days, thus giving a pulpal trauma from cavity preparation, acid-etch and pulp-dentin exposure to the oral environment. Unilateral IAN axotomized animals without dentinal cavities served as controls for immune cells (n = 3) and immunoreactive (W) nerve fibers (n = 3).
Four days later, all the animals were deeply anesthetized by an overdose of Hypnorm-Dormicum. The group of animals evaluated for nerve fiber responses (n = 9), were uanscardiacally perfused with 0.1 M phosphate buffer containing 0.03% heparin, followed by 4% paraformaldehyde and 0.2% picric acid in 0.1 M PBS. pH 7.4. The jaws were excised and postfixed for 24 hr. Animals evaluated for immune cells (n = 12) were perfused with heparinized phosphate buffer, followed by 10% EDTA + 7.5% polyvinylpyrrolidone (Aldrich-Chemie; Steinheim. Germany). The jaws wcre excised and demineralized in 10% EDTA + 7.5% polyvinylpyrrolidone Uonsson et al., 1986) for 14 days. Specimens prepared for immunohistochemistry of immune cells were frozen in methyl-butane, pre-chilled with liquid nitrogen, and kept at -80°C until cryosectioncd.
Immunohistochemistry
Labeling of Immunommpent Cells. Sagittal serial sections 10 wm thick were cut in a cryostat. After fixation in cold acetone for 5 min. the sections were washed in 0.05 M %-buffered saline (TBS), and pre-treated with 0.3% H202 for 10 min to block endogenous peroxidase activity. The sections were then pre-incubated with normal horse serum (4% BSA and 20% horse serum in TBS) for 20 min. Alternate sections were then incubated for 30 min with the different monoclonal antibodies (MAbs) listed in 2ble 1. After washing in TBS, the sections were incubated in biotinylated horse anti-mouse IgG (dilution 1:200) for 30 min. The sections were rinsed in TBS and treated with avidin-biotin solution (Dako, Glosuup, Denmark) for 30 min. The antigen-antibody complexes were visualized by use of H202 and 3-amino-%ethyl carbazole (Aldrich-Chemie) as the chromogen. for 13 min. Sections were counterstained with Mayer's hematoxylin and embedded in aqueous mounting medium (Immu-mount; Shandon, Pittsburgh, PA).
Labeling of Nerves. After saturation in 30% sucrose for 24 hr, alternate serial cryosections (35 km), comprising pulp tissue subjacent to the dentinal cavities, were incubated with polyclonal antibody to human PGP 9.5, rat CGRP, SP, NPY, or with anti-laminin (Tiable 1) for 72 hr. The immunoreaction was performed as previously described (Fristad et al., 1994) . In short, before the incubation with the primary antibody, the free-floating sections were prc-treated with 0.3% H202 to block endogenous peroxidase activity. To prevent nonspecific binding, the sections were incubated with 2% normal goat seflll~l (Vector Laboratories; Burlingame, CA). Biotinylated goat anti-rabbit IgG was used as secondary antibody. The antigen-antibody complexes were visualized with the avidin-biotin-peroxidase technique (Vector Laboratories) and nickel enhancement of the chromogen reaction (3.3-diaminobenzid; Sigma, St Louis, MO). The sections were mounted on gelatin-coated slides, air-dried, and counterstained with methylene blue-azure I1 in 1% sodium borate and distilled water.
Controls of the specificity of the immunoreactions were included either by tissue incubation with pre-absorbed primary antibody with its antigen or by substitution of the primary or secondary antiserum with PBS. Spleen tissue served as a positive control for the IR cells. 
Evaluation of Immunocompetent Cells
Four central sections adjacent to the deepest part of the dentin cavity from the left and right mandibular first molar from each animal were evaluated blindly in a light microscope ( x 25 objective, x 10 ocular), for each of the MAbs used. Cells IR to the different antibodies were counted in four squares (each 5625 pm2) in a grid system in the pulp proper subjacent to the dentinal cavities. The percentage of labeled cells was calculated as a proportion of the total number of mononuclear cells. In cases of pulpal microabscess formation, the counting was performed in pulpal tissues immediately subjacent to the abscess. The remaining dentin thickness beneath the cavities were evaluated using an image analyzer [Olympus AH 2 microscope connected to CUE2 histomorphometric analyzing program (version 4.0; Galai Production, Migdal Haemek, Israel)]. The cavities were classified either as shallow dentinal lesions located in the outer half of dentin or as deep dentinal lesions when located in the inner half of dentin, including small pulp exposures.
For statistical analysis, Wilcoxon' s signed-rank test was used.
ReSUltS
Immunocompetent Cells
Negative immunocontrols showed small numbers of stained granulocytes, owing to their strong endogenous peroxidase activity. Controls from spleen tissue confirmed positive labeling with the MAbs used.
Shallow Dentinal Cavities. In the pulp tissue subjacent to the cut dentinal tubules in the innervated and denervated teeth, no significant increase in recruitment of immunocompetent cells was found compared to control teeth without dentinal cavities ( Figures  1, 2, 3a, and 3b) . However, the number of I-A antigen-presenting cells was slightly increased (Figures 1, 2, and 3c) . No abscess formation was found in the pulp tissue subjacent to the dentin cavity in either innervated or denervated teeth.
Deep Dentinal Cavities. The difference in the remaining dentin thickness subjacent to dentinal cavities on the denervated (99.2 pm * 95.7) compared to the innervated side (101.3 pm 2 71.5) was not statistically significant (p = 0.957). Each group comprised six teeth, including three with dentinal cavities in the inner half of dentin and three with small pulp exposures.
Abscess formation was a consistent finding in innervated teeth with pulp exposure (Figures 3g and 3h ) and also in one case of pulp subjacent to deep dentinal injury (Figures 3d and 3e ). In the denervated teeth, however, no cell infiltrate could be observed in teeth with cavities in the inner part of dentin (not shown). The dense accumulation of immunocompetent cells found in the innervated teeth with abscess formation was lacking in the pulp tissue after pulp exposures (Figures 3f and 3) .
As shown in Figure 4 , there was a significant higher influx of CD43' cells (p = 0.036) in the pulp of the innervated teeth compared to the denervated teeth. Morphologically, the majority of CD43' cells were identified as PMN cells (Figures 3e and 3f) . CD4+ cells were dominated by macrophage-like cells in teeth without dentinal cavities (Figure 3a) , but in the innervated and denervated teeth with deep dentinal cavities increased numbers ofcells with the morphology of T-lymphocytes were seen. In cases of abscess formation, I-A antigen-expressing cells outlined the periphery of the abscess wall (Figures 3g and 3h ). I-A antigen-expressing cells were more densely distributed in the zone close to the dentinal lesion and pulp exposure in innervated (Figure 3g ) compared to denervated (Figure 3i ) teeth. The proportion of I-A antigen-expressing to CDllb' cells in teeth with deep dentinal cavities (3:4) was increased compared to teeth with no cavity preparation (13) (Figures 1 and 4) .
Nerve Fibers
Shallow Dentinal Cavities. In innervated teeth, the pulpal nerve fibers IR to PGP 9.5, CGRP, and SP subjacent to the dentinal cavities showed no changes in localization or density compared to the controls. NPY-IR nerve fibers were consistently found associated with blood vessels in the pulp proper. In the axotomized jaws, the mesial pulp horn was almost devoid of nerve fibers IR to PGP 9.5, CGRP (Figures 5a and 5b) , and SP. In the distal part of the pulp proper and in the distal pulp horns, tiny beaded nerve fibers could be traced, whereas only occasionally single nerve fibers were found in the mesial pulp homs. However, regenerated PGP 9.5-, CGRP-, and SP-IR nerve fibers were found in the root pulp. A few NPY-IR nerve fibers were traced in the odontoblast layer in the mesial pulp horns (Figure 5c ).
Deep Dentinal Cavities. In the innervated teeth, a considerable sprouting of PGP 9.5-, CGRP-, and SP-IR nerve fibers were seen in the pulp tissues subjacent to the dentinal.cavities. However, these neural reactions were most abundant in the pulp tissue in teeth with the deepest dentinal cavities and pulp exposures (Figure 5d-5g ). Microabscess formation with a dense network of PGP 9.5-, CGRP-, and SP-IR nerve fibers, located in the periphery of the abscess wall, was frequently found in the pulp tissue after pulp exposure ( Figures Se and 5g) . Some of the vessels close to the lesions were associated with NPY-IR nerve fibers (not shown). However, in the denervated first molars there was little evidence of abscess formation. The mesial pulp horn showed an almost total absence of CGRP-and SP-IR nerve fibers, and a few NPY-IR nerve fibers were found in the odontoblast layer close to dentin.
Laminin -like Immunoreactivity
Laminin-like immunoreactivity was found in blood vessel walls at all pulpal levels. In denervated teeth without dentinal cavities (Figure 6a ). no changes in the overall distribution of laminin-like immunoreactivity were found compared to controls (not shown). In addition, in the pulp tissue subjacent to shallow dentinal cavities no changes in the vascular architecture were found in innervated or denervated teeth. Laminin-incubated sections from innervated teeth with deep dentinal cavities (Figure 6b ) or pulp exposures (Figure 6c ) demonstrated increased density of blood vessels near the lesion site. Compared to innervated teeth with deep dentinal cavities (Figure 6b) , a less increased density of IR blood vessels was found in the denervated pulp (Figure 6d ).
Discussion
The present study demonstrates that sensory nerves have a pronounced effect on recruitment of immunocompetent cells. In the denervated rat molar pulp deprived of both CGRP and SP, a con-siderably lower recruitment of immunocompetent cells subjacent to experimental dentinal cavities was found compared to the innervated pulp. These results strongly indicate the participation of sensory neuropeptides in the pulp defense reactions. Both the influx of immunocompetent cells and sensory nerve sprouting increased with increasing depth of the dentinal lesions, indicating a relation between the cellular response and expansion of the peripheral sensory field. This is in accordance with the reported correlation between sensory nerve density and severity of experimental arthritic inflammatory reactions (Levine et al., 1986) . Neonatal capsaicin treatment is reported to reduce the severity of adjuvant induced arthritis in the joint (Levine et al., 1984) , whereas extravasation and accumulation of immune cells were prevented in ligatureinduced periodontitis in rats (Gyorfi et al., 1994) .
The sensory neuropeptides are potent vasodilators, and an interaction of CGRP and SP may serve to amplify blood flow after trauma in teeth (Gazelius et al., 1987) . Furthermore, sensory neuropeptides are released after antidromic stimulation (Olgart et al., 1977) and at local sites of inflammation (Tissot et al., 1988) . CGRP stimulates proliferation of human endothelial cells in vitro (Hzgerstrand et al., 1990) , whereas SP stimulates macrophages to produce tumor necrosis factor-a (Lotz et al., 1988) which is angiogenic in vivo (Leibovich et al., 1987) . The increased density of sensory neuropeptides associated with inflammatory reactions therefore appears to contribute both to increase the blood flow and vascular permeability and to the vascularization of inflamed tissues. The increase in blood flow after the release of sensory neuropeptides in inflamed tissues may therefore be a prerequisite in supplying and guiding immune cells to injured tissues.
Intradermal injection of the sensory neuropeptides CGRP and SP was recently found to induce rapid expression of the vascular cell adhesion molecules ICAM-1 and VCAM-1, as well as adhesion molecules of the selectine family (Smith et al., 1993) . Taken together with the chemotactic properties of the sensory neuropeptides on immune cells (Foster et al., 1992; Wiedermann et al., 1989; Roch-Arveiller et al., 1986; Marasco et al., 1981) , it seems reasonable to suggest that the migration and attraction of immune cells to the site of tissue injury partly depend on sensory nerve fibers. The growing evidence that the sensory neuropeptides act as immunoregulators may account for the rich sensory neuropeptide supply in the cuspal areas of the rat molar pulp, as this area is continuously submitted to masticatory force and antigenic challenge from the oral environment.
In addition to the effect of neuropeptides on the mobilization of immunocompetent cells to the site of inflammation found in this study, influence on macrophage function (Nong et al., 1989; Bar-Shavit et al., 1980) , increase in lymphokine production (Lotz et al., 1988) , modulation of cell proliferation (Umeda et al., 1988; Payan et al., 1983) , and effect on antibody production (Stanisz et al., 1986) may also be of importance for the function of immunocompetent cells during inflammation.
Sprouting of sensory nerve fibers has earlier been reported after injuries to dentin and pulp exposure (Byers et al., 1988) , whereas this response has not been found in sympathetic nerves ( O s d d and Byers, 1993) . In addition to increased sensory nerve density, the present study also showed increased concenuation of blood vessels in the pulp tissues subjacent to deep dentinal cavities, and some of the vessels in the vascular network were supported by NPY-IR nerve fibers. In innervated teeth, NPY-IR nerve fibers were never observed in the odontoblast layer close to dentin. It therefore seems unlikely that the NPY-IR nerve fibers found in the odontoblast layer and dentin in the denervated teeth are a result of dentin preparation, but rather are a consequence of the sensory denervation (Fristad et al., in press ).
The uninjured pulp in both rats and humans is supplied with antigen-presenting cells mainly located in the cuspal areas close to the odontoblasts (Fristad et al., in press; Okiji et al., 1992; Jontell et al., 1987) . After dentin injury, the ratio between I-A antigenpresenting cells and macrophages (3:4) was increased compared to the normal (1:3) uninjured pulp. As macrophages are capable of presenting antigens after tissue injury, owing to upregulation of the surface major histocompatibility complex (MHC), the macrophages may be responsible for a secondary capacity of antigen presentation after injury in teeth.
In summary, the present study shows that the mobilization of immune cells is more favorable in tissues with an intact sensory nerve supply than in denervated tissues. In young rat molars, a high potential for sensory nerve sprouting reactions after dentinal trauma is demonstrated. Furthermore, a correlation between increase in sensory nerve density and recruitment of immunocompetent cells was found, indicating participation of sensory nerve fibers in the pulpal immune defense. After sensory denervation in young rat molars, a changed localization of the pulpal NPY-IR nerve fibers is shown, with fibers located in the odontoblast layer close to dentin. Further studies are being performed with this model to study neuroimmunological interactions and to further elucidate the effect of neuropeptides in uninjured teeth.
